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Amethod for constructing quasimonolithic, precision-aligned optical assemblies is presented. Hydroxide-
catalysis bonding is used, adapted to allow optimization of component fine alignment prior to the bond
setting. We demonstrate the technique by bonding a fused silica mirror substrate to a fused silica base-
plate. In-plane component placement at the submicrometer level is achieved, resulting in angular control
of a reflected laser beam at the sub-10-μrad level. Within the context of the LISA Pathfinder mission, the
technique has been demonstrated as suitable for use in space-flight applications. It is expected that there
will also be applications in a wide range of areas where accuracy, stability, and strength of optical
assemblies are important. © 2013 Optical Society of America
OCIS codes: 220.1140, 220.4610, 120.6085, 120.3180.
1. Introduction
In this article we address the challenges involved in
constructing optical assemblies with centimeter-scale
reflecting components that are positioned with sub-
micrometer lateral accuracy and microradian angular
accuracy. The technique we describe was originally
developed for the building of the Laser Interfero-
meter Space Antenna (LISA) Pathfinder optical bench
interferometer [1] and is expected to be used in optical
bench manufacture for the planned spaceborne
gravitational wave detector, eLISA [2,3]. However,
the approach is widely transferable to any system re-
quiring precision alignment of laser beams and subse-
quent stability of laser beam pointing. The technique
has the added advantage of now having been space-
qualified.
The enabling technology we use is hydroxide-
catalysis bonding [4], which we have adapted
specifically to be compatible with prebonding adjusta-
ble positioning of optical components [5,6]. Hydroxide-
catalysis bonding is a well-established technique for
joining materials that can form oxide layers and was
originally developed in the context of the Gravity
Probe B mission [7] and subsequently adapted for
use in ground-based gravitational wave detectors [8].
The technique has many characteristics that make it
desirable for use in precision optical assemblies, in-
cluding structural strength, reliability, and the fact
that the bond layer can be extremely thin. Hydroxide-
catalysis bonding differs from the use of epoxies in
that it doesn’t involve the addition of significant
amounts of material between the two surfaces being
joined. This leads to superior dimensional stability
and the absence of material that could give rise to out-
gassing, and hence it is vacuum compatible.
2. Defining the Degrees of Freedom
The coordinate system defined in Fig. 1 will be used
to describe the degrees of freedom to be controlled
during alignment.
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The approach taken to align a reflected beam to a
nominal beam vector is to separately control the
“out-of-plane” and “in-plane” degrees of freedom.
Here out-of-plane refers to beam position evolution
in z. A predetermined value of z is maintained using
manufacturing tolerances in partnership with a
uniform bond layer. In-plane alignment is achieved
by controlling the component position in x and y
and angle φ.
3. Bonding Method
The region of the baseplate to which the component
will be bonded and the bonding surface of the compo-
nent are cleaned using a cerium oxide polishing paste,
which is subsequently removed using bicarbonate of
soda and clean water. Immediately prior to bonding,
the surfaces are wiped with methanol that has a low
residue on evaporation, which is then allowed to eva-
porate. Sodium silicate solution is placed on one sur-
face, and the surfaces brought into contact. After
approximately 2min. the bond starts to form, with full
strength being reached after four weeks at room
temperature.
The bonding surfaces must be suitably conformal
for the bonding process to operate as expected: the
usual surface geometry specification is that it should
be flat to ∼60 nm peak-to-valley (commonly stated by
optical manufacturers as λ∕10, for λ of 633 nm). This
requirement should be met over the full area to be
bonded. Ideally the surfaces should be completely
smooth, but in practice surfaces that have been
polished to a flatness of ∼60 nm have been found
to have suitable roughness for bonding.
In the case of adjustable bonding, the in-plane
alignment process is carried out while the optic is
floated on a buffer fluid in order to prevent optical
contacting. The buffer fluid used here is octane,
which has been chosen for its rate of evaporation
and viscosity. Octane with a low residue on evapora-
tion is used to avoid introducing contamination that
could affect the bonding process. The component is
placed such that it is in contact with ruby balls at the
tips of actuated positioners, and the reflected beam is
measured with a calibrated target, as described
further in Section 5.B. The actuated positioners
act as adjustable kinematic stops that define the po-
sition of the component. The component is removed
and replaced after every movement to ensure it is
located against the positioners and periodically
removed as the buffer fluid evaporates to allow more
to be applied. The alignment is iteratively brought
toward the nominal until, in a final step, bonding
fluid is applied instead of buffer fluid and the optic
replaced. The bonding process used allows approxi-
mately 2 min. of fine adjustment before the bond
starts to cure, and the component cannot be adjusted
further without disturbing the bonding process.
For components requiring lower precision place-
ment, a nonadjustable template can be used in place
of the actuated positioners. In the case of template
bonding, the kinematic stops are ball bearings
mounted in a brass template, and there is no adjust-
ment of the component after it is placed on the
baseplate with bonding fluid applied.
15 min. after the bond has started to form, it has
cured sufficiently that the locating stops can be
removed and the bond left to cure fully.
4. Out-of-Plane Alignment
The lack of any adjustability in the out-of-plane
alignment process is a deliberate choice that places
requirements on the manufacturing and bonding
processes. The out-of-plane alignment is controlled
by a combination of factors:
• The flatness of the baseplate, typically
specified to be ∼160 nm (commonly stated by optical
manufacturers as λ∕4, for λ of 633 nm) over 10 cm
length scales. This is an alignment requirement and
is in addition to the ∼60 nm flatness requirement for
the bonding process.
• The perpendicularity to the reflecting face of
the mirror bonding surface, typically specified to be
within 5 μrad.
• The bond layer being either sufficiently thin or
at least homogeneous in thickness.
The contributions of these factors are indicated in
Fig. 2. The largest expected contribution from a po-
lished baseplate arises from a sinusoidal surface fig-
ure with a period equal to the length scale of 10 cm
and with 160 nm amplitude. The maximum gradient
of this sine wave is then π × 160 × 10−9∕0.1, giving an
estimate for α of around 5 μrad. The tolerance on
perpendicularity of optical component bonding and
reflecting surfaces is δ  5 μrad. Investigations of
bond layer thickness and wedge angle for fused silica
are ongoing. Scanning electron microscope investiga-
tion of a visibly poor bond with small voids showed a
wedge angle, β, of 10 μrad. The wedge angle of a good
bond, achievable with careful surface preparation,
Fig. 1. (Color online) Schematic defining the coordinate system.
The dashed line represents the laser beam. The beam enters
parallel to the x axis, and the reflected beam is nominally parallel
to the y axis.
Fig. 2. (Color online) Schematic showing the contributing factors
to “out-of-plane” misalignment.
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should be significantly smaller, although this is not
currently proven.
Taking the worst case values, and assuming these
angles are not correlated, we arrive at a root-sum-
square value for the component angle with respect
to the incoming beam of ∼12 μrad, or ε ≈ 24 μrad
per reflection.
If all the angular deviations added linearly, we
could expect εworst ≈ 40 μrad per reflection, so mini-
mizing systematic effects, for example, in component
perpendicularity and bond wedge angle, is important
to reduce error buildup after reflections from many
components. For transmissive components, lack of
parallelism between input and output surfaces can
also deviate a beam, and parallelism can also be
controlled with few-microradian accuracy.
As a guide to what has been achieved in a system
with multiple components bonded to a single base-
plate, measurements of out-of-plane deviations have
been made on three different beams from the LISA
Pathfinder flight model optical bench after each
has experienced reflections from multiple bonded
mirrors. For the three cases the out-of-plane beam
angles were measured to be 43 μrad after four reflec-
tions, 36 μrad after five reflections, and 54 μrad after
six reflections. Taking the worst case example, that of
54 μrad after six reflections, and assuming that the
contributions at each of the four reflections are un-
correlated, then a beam angle deviation per reflec-
tion of 54∕
p
6 or ∼22 μrad is deduced, broadly
consistent with the value of ε expected.
5. In-Plane Alignment
A. Template Bonding
For components whose positioning requirements are
in the tens of micrometers regime, templates and a
coordinate measurement machine (CMM) can be
used without the need for a laser beam reflected off
the component to accurately determine its orienta-
tion. This method is described in [9,10], with the re-
sults from a larger data set reported here. Figure 3
shows the LISA Pathfinder flight optical bench part-
way through assembly, with two optical components
just having been positioned by template. This shows
the three locating ball bearings per component that
act as kinematic stops. The substrate to which the
components are bonded is inclined at an angle of
∼5°, which results in the component resting against
the two ball bearings on the long edge that define the
reflecting surface angle and position, and the one ball
bearing on the short side that ensures the beam will
hit the component centrally. Template bonding has
the added advantage that several bonds can be made
in one bonding session. Once the bonds have par-
tially cured, the template can be backed off and
raised on the screws seen in the photograph.
Data from three bonding sessions using different
templates to locate two, four, and five optical compo-
nents showed angular deviations from the nominal
for the bonded components of <4 mrad. With the ball
bearing separation of ∼1 cm, this corresponds to a
worst-case relative ball bearing positioning of 40 μm.
The same templates were used three times in total,
and from this the repeatability of component place-
ment was seen to be <250 μrad. This shows that the
angular error observed from the template bonding
was dominated by manufacturing tolerances.
B. Adjustable Bonding
For components with tighter alignment require-
ments, a reflected beam is used in conjunction with
knowledge of the desired beam position and direction
derived from a software optical model. In order to
align the actual reflected beam as closely as possible
to the theoretical beam, an established measurement
reference frame and a calibrated target are required.
In our case, physical measurements are made by a
CMM with an accuracy for each hit point measure-
ment of 1.5 μm 3 μm∕m. Beam vector measure-
ments are made using a target that consists of an
Invar structure with a beam splitter and two
quadrant photodiodes mounted to it [11]. This device
was calibrated such that the coordinate transforma-
tion between the physical position of the device as
measured by the CMM and the beam vector within
the CMM measurement volume was known. With
this CMM the optical axis of the target could be
determined to 20 μrad. A LabView [12] front end
was designed to read out the beam positions in real
time, and a PI H-824 Hexapod was normally used to
manipulate the position of the target [13].
Once the CMM measurements of the baseplate
have been used to set up the reference frame, the
calibrated target is first used as a beam vector
measurement tool. By aligning the target using the
fine control of the Hexapod actuator on which it is
mounted, the input beam is centered on the target’s
position-sensitive photodetectors; the beam vector
can then be derived from CMMmeasurements of the
target. The target is then placed so that its nominal
Fig. 3. (Color online) Photograph of a template being used to
locate optical components on the LISA Pathfinder optical bench
interferometer. Two optical components have just been bonded;
they are located next to the labels M4 and M5.
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measurement axis is coincident with that of the de-
sired reflected beam. Live readout of the accuracy of
alignment of the component to be bonded is then
available.
The actuated positioners that act as kinematic
stops to dictate the position of the optic are shown
in Fig. 4. The degrees of freedom of the reflected
beam controlled during the manipulation and bond-
ing of the mirror to the baseplate are x, y, and φ, as
defined in Fig. 1. A common mode movement of both
actuated positioners results in the reflected beam
undergoing a lateral translation (no angular devia-
tion) of 1∕
p
2 times the component movement. A dif-
ferential movement of the actuators results in a
change in φ. For a typical positioner separation at the
component of 10 mm, moving the positioners by 1 μm
each, in different directions, results in an angular
movement of the optic of 200 μrad and a change in
φ of 400 μrad. There will also be an additional lateral
shift if the beam is not incident at the center of
rotation.
In Fig. 4(c) the baseplate is placed at a slight
angle in order that gravity assists in locating the
component against the positioners when it is floating
either on a temporary buffer fluid or on the final
bonding fluid. The third positioner is located so as
to constrain movement of the component in the plane
of the reflecting surface.
The data in the plot shown in Fig. 5 were taken
during the alignment and bonding of this test mirror.
In this demonstration of the technique the goal was
to center the beam simultaneously on the two quad-
rant photodiodes in the target. These photodiodes
were located 22 and 71 cm from the mirror to be
bonded. The plot shows a time series of the in-plane
positions of the reflected beam. The coarse align-
ment, prior to 1400 s, is not shown, and the breaks
in the data correspond to the component being moved
for resettling, the application of more buffer fluid, or
the application of bonding fluid. The trace for the far
photodiode is noisier than that for the near photo-
diode due to the beam having travelled farther in
turbulent air.
Some points of interest labeled on the plot are:
A. Removal of the mirror to replenish the buffer
fluid.
B. Removal of the mirror for bonding fluid
application.
C. Replacement of the mirror and the start of the
bonding process.
D. Final adjustment of the mirror before leaving
the bond to cure.
The expanded plot showing the time period
∼1800–2075 s demonstrates the level of repeatability
when removing and replacing the component on buffer
fluid. The movement as it settles is due to the rela-
tively thick buffer fluid layer allowing the component
to settle out-of-plane, which has a cross coupling into
the in-plane reading. This leads to some uncertainty
as to where the component will settle when the buffer
fluid is replaced with bonding fluid, but this is recover-
able using the range of possible adjustment once the
bonding fluid has been applied.
Fig. 4. (Color online) (a) Schematic showing component in-plane
lateral adjustment, viewed down the z axis. Solid lines indicate
positions prior to adjustment, and dashed lines after adjustment.
The arrowed line represents the laser beam vector. (b) Same as (a)
but for angular adjustment. (c) Photograph of adjustable position-
ing of a test optic; the silica baseplate has a diameter of 32 mm.
Fig. 5. (Color online) Graph showing the in-plane positions of the laser beam at the near and far photodiodes during the final alignment
and bonding stages of the mirror.
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The expanded plot from ∼2300–2600 s shows the
alignment immediately before the bond starts to
cure. The effects of small adjustments of the actuator
positioners and subsequent encouragement of the
component to rest against the ruby balls can be seen.
The final beam offsets at the near and far photo-
diodes were 5 and 8 μm. This represents an in-plane
angle from the nominal goal vector of ∼6 μrad. This is
a typical level of accuracy achievable using current
techniques. The last adjustment of the positioning
actuator, at point D, changed the photodiode spot
positions from −2 to −7.5 μm (corresponding to
−11 μrad offset) to 5 and 8 μm; the total angular
change resulting from themovementwas thus17 μrad.
Since the actuators are separated by 11mm, this level
of position control of the mirror corresponds to a dif-
ferential actuatormovement of∼0.1 μm. The achieved
accuracies for all methods of alignment demonstrated
are summarized in Table 1.
6. Conclusions
A technique for precision bonding of optical compo-
nents to a substrate using a chemical process
previously shown to exhibit picometer stability has
been presented. This technique has many useful char-
acteristics—it is mechanically strong, provides bonds
that are thin and vacuum compatible, and, crucially,
allows fine optimization of the component positioning
both prior to and during the bonding process. Bonding
of centimeter-scale optics with micrometer-level
precision of positioning has been demonstrated.
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Table 1. Summary of Demonstrated Alignment Accuracies
Alignment Achieved
(microradians)
Out-of-plane 22
In-plane—template absolute <4000
In-plane—template repeatability <250
In-plane adjustable 6
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